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ELENE) GRS data of the 2500-km-diameter South Pole-Aitken (SPA) basin and its surroundings. Results indicate that the surface rock
aterials (including ancient crater materials, mare basalts, and possible SPA impact melt) are average to slightly elevated in K and Th with
spect to the rest of the Moon. Also, this study demonstrates that K and Th have not significantly changed since the formation of SPA. The
emental signatures of the impact basin of Fe, Ti, Si, O through time include evidence for resurfacing by ejecta materials and late-stage
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1. Introduction
Large impact events have significantly influenced the
geologic history of the Moon. The South Pole-Aiken
(SPA) basin is one such event that resulted in a 2500-
km-diameter impact basin during the pre-Nectarian period
(Figs. 1 and 2). The basin is the largest unambiguously rec-
ognized impact structure in the Solar System, centered at
56S, 180 on the farside of the Moon (Wilhelms, 1987;
Spudis et al., 1994). The SPA basin region is one of two
lunar regions with distinctive elemental abundances (e.g.,
Fe) when compared to other parts of the Moon (e.g.,
Lawrence et al., 1998, 2000; Elphic et al., 2000; Jolliff
et al., 2000; Prettyman et al., 2006). In addition, Lunar-
Prospector-based high thermal neutron intensities gener-
ally delineate the basin (Feldman et al., 1998). The other
region, which is much more distinct in elemental signature
(e.g., elevated in Th, K, Mg, U, and Ti in addition to Fe), is
the pre-Nectarian 3200-km-diameter Procellarum basin
(referred to hereafter as PKT) (Fig. 1), which is the site
of one of the largest hypothesized impact basins in the solar
system (Cadogan, 1974). The SPA basin floor is uniquely
mafic (Jolliff et al., 2000). FeO and TiO2 concentrations
in the SPA basin region indicate the presence of possible
upper mantle materials (Lucey et al., 1998) or noritic
(lower crust) material (Pieters et al., 1997). Noritic material
is also seen in the central peaks in SPA impact-melt
(Nakamura et al., 2009). Whereas PKT has been highly
resurfaced by post-Nectarian geologic activity, which
includes impact cratering events (e.g., Imbrium and Sereni-
tatis) and voluminous mare-forming volcanism (Wilhelms,
1987), the pre-Nectarian surfaces have been much less
obscured in the South Pole-Aiken basin region, which
includes possible impact melt exposed on the basin floor
(Kreslavsky et al., 2001; Pieters et al., 2001, 2003), in addi-
tion to other material types emplaced following the impactFig. 1. Combined ILCN2005_lpo topography and shaded relief warp mosaic
hypothesized Procellarum basin, as defined by Wilhelms (1987). Note that the
based investigation. Procellarum-Imbrium basin region (PKT Inner), Procellar
South Pole-Aitken basin are the primary regions for comparative analysis usievent (Spudis, 2009). Localized mare volcanic materials
permit individual stages of emplacement to be isolated
and investigated for variations in age, morphology
(Whitford-Stark, 1979; Hawke et al., 1990), and composi-
tion (Spudis et al., 1984; Gaddis et al., 1995).
In this work, we performed a comparative analysis
among the stratigraphy, as defined using published USGS
geologic maps (Wilhelms and McCauley, 1971; Wilhelms
and El-Baz, 1977; Scott et al., 1977; Stuart-Alexander,
1978; Lucchitta, 1978; Wilhelms et al., 1979), and the
Kaguya (SELENE) Gamma Ray Spectrometer (hereafter
referred to hereafter as KGRS) elemental information of
the SPA basin region using Geographic Information
Systems (GIS). From this, we attempt to delineate the
pre-Nectarian and Nectarian materials from the younger
mare-forming volcanic materials to investigate whether
they are distinct in elemental signature from one another
and from materials outside of the basin region.2. Methodology
Our method to compare the geologic evolution of the
SPA basin region with elemental data requires that we
determine the spatial and temporal extent of the rock mate-
rials (mapped units) and the total area of the SPA basin
region (Fig. 1). To determine the temporal extent of the
SPA basin region, our approach requires the definition of
major stages of geologic activity for the region. Based on
the geologic investigation of Wilhelms (1987), which
includes absolute-age information determined from Apollo
rock samples, we choose Pre-Nectarian and Nectarian
activity, which includes surfaces resulting from the SPA
event (stage 1), the Imbrium and Orientale impact events
(stage 2), and mare volcanism (stage 3) that occurred sub-
sequent to the Imbrium and Orientale impact events as the
major stages of geologic activity of the Moon (Fig. 2). Theshowing impact craters, which includes the extent of the SPA basin and
outlined South Pole-Aitken basin (SPA) is the primary focus of our GIS-
um-Imbrium basin margin region (between the red lines; PKT Outer), and
ng GIS.
Fig. 2. Lunar geologic timescale. Also shown is stage information
correlated with Epoch and System information based from Wilhelms
(1987). See Section 2 for stage information.stage 1 type locality is Apollo 17 with returned rock sam-
ples estimated to be 4.5 Ga, the stage 2 type locality is
Apollo 14 with returned rock samples estimated to be of
3.9 Ga, and the stage 3 type locality is Apollo 12 with
returned rock samples estimated to be 3.5 Ga.
For simplicity, we separate the geologic materials into 3
stages rather than 6 stages as proposed in the “Apollo
Model 2000” (Schmitt, 1999). The rationale is that we want
to investigate whether the Pre-Nectarian and Nectarian
impact cratering events and related regolith mixing are dis-
tinct from the Imbriam and Orientale impact events and
subsequent mare volcanism. Based on this, each map unit
of the published USGS geologic maps, L-0703 (Wilhelms
and McCauley, 1971), L-0948 (Wilhelms and El-Baz,
1977), L-1034 (Scott et al., 1977), L-1047 (Stuart-Alexander,1978), L-1062 (Lucchitta, 1978), and L-1162 (Wilhelms
et al., 1979) is assigned a stage for GIS-based compilation
(Figs. 3 and 4; Table 1). For example, the pre-Nectarian
polygons were assigned stage 1, the Lower Imbrian poly-
gons related to the Orientale and Imbrium impact events
stage 2, and the Upper Imbriam units related toMare-form-
ing volcanism stage 3 (Figs. 2 and 3). Other Upper Imbriam,
Eratosthenian, and Copernican map units were also
assigned stage 3, as they were emplaced following the Imbri-
um and Orientale impact events.
Using Geographic Information Systems (GIS), the areal
extent of polygons of a specific stage can then be readily
compiled for comparison with the elemental information.
For example, we calculated (Table 2): (1) the total area
of the SPA basin region (Fig. 1), (2) the total area of stage
1, stage 2, and stage 3 materials within the SPA basin
region, outside of the SPA basin region, and for all of
the Moon, and (3) the average elemental abundance of
each stage of materials (e.g., mare lavas vs. older highland
cratered materials) within the SPA basin region, and out-
side the SPA region, as well as for all of the Moon, using
elemental information acquired by the Kaguya Gamma
Ray Spectrometer (KGRS), including counts per minute
(cpm) of Th, K, Fe, Si, Ti, and O (Fig. 5). In (3), for exam-
ple, the relative abundance of K for post-Orientale impact
material (e.g., mare lavas) can be readily determined from
the KGRS counts using GIS (likened to a “cookie cut out”
of the stage 3 materials and using the cut out to determine
its average K counts per minute (cpm)). This information
then can be readily compared with the other regions (e.g.,
the average K counts of the cratered highland materials
within the SPA basin vs. the cratered highland materials
outside the basin, etc.). A similar GIS-based approach
has been used for Mars to assess the geologic evolution
of the Thaumasia region (Dohm et al., 1998, 2001, 2007;
Tanaka et al., 1998), to compare two giant shield
complexes, Syria Planum and Alba Patera (Anderson
et al., 2004), and to investigate the possible existence of
large bodies of water through Mars Odyssey Gamma
Ray Spectrometer data (Dohm et al., 2009).
Here, we perform a comparative analysis among stratig-
raphy and KGRS natural radioactive elemental (K and Th)
(Figs. 6–8) and major elemental (Fe, Ti, Si, and O) data
(Figs. 9–11) using GIS (calibrated maps of Mg, Ca, and
Al are not yet available). We have chosen to use KGRS
data for our comparative analysis rather than LPGRS
because the KGRS instrument provides a more detailed
gamma-ray spectrum (Fig. 5). The Kaguya mission is the
first to employ a High Purity Germanium (HPGe) detector
to observe lunar Gamma Rays (Hasebe et al., 2008, 2009;
Karouji et al., 2008; Kobayashi et al., 2005, 2010; Yamash-
ita et al., 2010) (Fig. 5). Thus, the KGRS instrument can
provide much more detailed gamma-ray spectra (higher
energy resolution), and as such, KGRS can detect many
more gamma ray peaks than the Lunar Prospector
Gamma-Ray Spectrometer (LPGRS). This results in much
improved elemental maps (for more information, see
Fig. 3. Modified fromWilhelms (1987), correlation chart showing stratigraphic positions of the units. Also shown are the major stages of geologic activity
for the Moon, which form the basis for performing comparative analysis among the stratigraphy and KGRS elemental information. The stages include:
(stage 1) the pre-Nectarian impact events, hypothesized Procellarum and SPA, as well as the heavy bombardment during the Nectarian to form large
impact basins such as Crisium, Humboldtianum, Serenitatis, Nectaris, and Humorum, all of which are on the nearside, and Mendeleev, Moscoviense,
Korolev, and Hertzsprung on the far side; (stage 2) Lower Imbriam impact events, Orientale and Imbrium, and (stage 3) Upper Imbriam Mare-forming
volcanism (post Late Heavy Bombardment (LHB)).
Fig. 4. Stage 1 (yellow), stage 2 (blue), and stage 3 (red) assignments of the map units of published USGS geologic maps, L-0703 (Wilhelms and
McCauley, 1971), L-0948 (Wilhelms and El-Baz, 1977), L-1034 (Scott et al., 1977), L-1047 (Stuart-Alexander, 1978), L-1062 (Lucchitta, 1978), and L-1162
(Wilhelms et al., 1979). Note that the uncolored areas were not defined on the digital maps. Also delineated are the South Pole Aitken (SPA) and putative
Procellarum impact basins. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Table 1
Stage assignment of map units of published USGS geologic maps, L-0703 (Wilhelms and McCauley, 1971), L-0948 (Wilhelms and El-Baz, 1977), L-1034
Scott et al., 1977), L-1047 (Stuart-Alexander, 1978), L-1062 (Lucchitta, 1978), and L-1162 (Wilhelms et al., 1979). Note that Stage 1 denotes Pre-Nectarian
and Nectarian (period of heavy bombardment, Stage 2 represents the Imbrium and Orientale impact events and associated materials, and Stage 3 activity
that occurred following the Imbrium and Orientale impact events such as mare volcanism.
Stage Map units
3 CC, Cc1, Cc2, Ccc, CEch, CEci, CEd, Cehf, Cf, Cld, Cp, Csc, Ec, Ecc, Eld, Elm, Elph, Em, Emd, Emp, Esc, Ic, Ic2, Icc, Icc2, Ics, Id, Ifc, Im,
Im1, Im2, Imd, Ip2, Irc, Isc, It
2 Ia, Ial, Iap, Ic1, Icc1, Ich, Ici, Ico, If, Ig, Ih, Ihe, Ihf, Ihp, Iic, Inbl, Infp, Inp, Int, Ioc, Iohi, Iohn, Ioho, Iohs, Ioht, Iom, Iork, Iorm, Ip, Ip1, Iplt,
IpNbm, IpNcl, IpNg, IpNI, IpNt
1 Nb, Nbc, Nbh, Nbl, Nbm, Nc, Ncc, Nhb, Nhsc, Nj, Np, NpNbm, NpNbr, NpNhf, NpNt, Npnt, Nsc, Nt, Ntp, pbr, plc, plc1, plc2, plc3, plch,
plci, plj, pl1, plp, plr, pNb, pNbm, pNbr, pNc, pNcc, pNtReedy et al. (2009)). In a 100 km lunar polar orbit, the
GRS onboard the Kaguya spacecraft has acquired elemen-tal information of the surface of the Moon, including
gamma rays from Al, Mg, Si, Ca, Ti, Fe, Th, and U.
Table 2
GIS-based areas of seven regions defined for this study. The summed areas







PKT (Inner) 4.4 0.2 0.8 3.4
PKT (Outer) 2.5 0.2 1.1 1.2
Whole PKT (Inner & Outer) 6.9 0.5 1.9 4.5
Outside PKT (Total Moon minus
Inner & Outer)
30.9 16.6 8.6 5.0
SPA 3.8 1.9 1.0 0.6
Outside SPA (Total Moon minus
SPA)
34.0 15.1 9.5 9.0
Total Moon 37.8 17.0 10.5 9.6
Fig. 5. Comparison of energy spectra obtained by SELENE (KAGUYA)
GRS and Lunar Prospector GRS (Hasebe et al., 2009).
Fig. 6. Modified from Kobayashi et al. 2010. Color-coded map of the Th with
of the Thorium line. Note that the SPA basin (dashed line) is relatively indistCompared to the 150 km spatial resolution of the LPGRS,
the KGRS has a spatial resolution of 135 km.3. Results and discussion
From an elemental perspective, when compared to the
rest of the Moon (Fig. 1), the SPA basin region is one of
two elementally distinct regions (the other is PKT), which
includes enrichment in Fe, FeO, and TiO2 (e.g., Lucey
et al., 1995), and Mg (Hiesinger and Head, 2004; Spudis,
2009). Our GIS-based results indicate that the materials
within the basin region on average exhibit similar K and
Th abundances when compared to those outside of the
basin region (Fig. 9), though there are visibly local highs
and lows in the counts. Very little change in K and Th
counts through time indicate that SPA materials have
remained homogeneous relative to K and Th since the
basin-forming impact.
We gain additional perspective of the surface evolution
of SPA and surrounding regions through the major ele-
ments of Fe, Ti, Si, and O, which have the lowest counts
per minute (cpm) in stage 1. The subsequent increase in
these elemental abundances is interpreted to result from
post-SPA impact cratering and mare basaltic volcanism
(Figs. 10 and 11).
We also find a similar modest increase in counts per
minute (cpm) for both Ti and Fe between stage 1 and stage
2 for all regions (Fig. 10). In the case of the SPA region, Si
counts in stage 1 are lowest, possibly indicating relatively
more mafic surfaces than stage 3, even when mare basaltic
volcanism is observed to have occurred, with the highest
amount of Si found in stage 2 (Fig. 11). O is clearly shown
to be depleted during stage 1 of SPA with respect to theoriginal count rate (counts/second) at channel 597 (911 keV) representative
inct in Th.
Fig. 7. Modified from Kobayashi et al. (2010). The global map of K gamma-ray counting rate (in counts per second) as measured by KGRS. Note that the













































































Fig. 8. The two plots show the average count per minute (cpm) of K and
Th for each of the regions of interest, respectively. Error bars show the
standard deviation of the mean for each region. Note that total SPA basin
region is relatively indistinct from the region outside of the SPA basin
region (everything but SPA) and the whole Moon.later stages of activity and relative to the rest of the lunar
surface.
The O:Si ratio (cpm/cpm) in Fig. 12 tells us something
about broad evolutionary trends in the predominant sili-
cate structure of the minerals present. The O:Si ratio will
increase from quartz/feldspar to olivine. The O:Si ratio is
highest in stage 1 and lowest in stage 2 indicating a shift
toward more felsic surfaces in stage 2 with stage 1 being
the most mafic.
4. Summary
Through a general inspection of the KGRS Th and K
counts, the Moon appears fairly homogeneous with the
exception of two anomalous regions PKT and SPA. While
the counts for K and Th in SPA are elevated relative to the
rest of the Moon, excluding PKT, they do not vary in a sig-
nificant way between stages implying the crust was not
enriched, at least at the resolution of our maps, signifi-
cantly with the incompatible elements with time. Similarly,
we find only minor variations in both Fe and Ti in the SPA
region since the formation of the basin, although the
observed increase in counts in stage 3 is consistent with vol-
canic resurfacing in the basin. The decrease in the O:Si
ratio from stage 1 to stage 2 implies a generally more felsic
surface in stage 2 relative to the older stage 1 materials.
This could result from resurfacing by ejecta material orig-
inating from regions exterior to the basin that source from
shallower depth of the lunar crust. The ratio increases
slightly in stage 3 consistent with the occurrence of mafic
volcanism. This is also seen as higher Si counts in stage 2
relative to the other stages. The anomalously low oxygen
counts in stage 1 of SPA basin indicate ultra-mafic materi-
als may have been exposed after the SPA impact event.

















































































Fig. 10. The two plots show the average count per minute (cpm) of Fe and
Ti for each of the regions of interest, respectively. Error bars show the
standard deviation of the mean for each region. This plots show an
increase in both Fe and Ti concentrations in SPA during stages 2 and 3
interpreted to mark resurfacing by both impact cratering and volcanism










































































Fig. 11. The two plots show the average count per minute (cpm) of Si and
O for each of the regions of interest, respectively. Error bars show the
standard deviation of the mean for each region. The Si plot shows that Si
has been significantly increased in Stage 2 (heavy bombardment period)
and stage 1 Si concentration was lower than that of stages 2 and 3. We
interpret this to mark resurfacing of SPA rock materials by both impact
cratering and mare basaltic volcanism. This later resurfacing is also
apparent in the O plot. Stage 1 rock materials are clearly depleted in O
with more elevated concentrations of O during stages 2 and 3, also
interpreted to mark partial resurfacing by impact cratering especially
during stage 2 and less resurfacing by basaltic mare volcanism during stage
3 and less resurfaced during Stage 3 mare basaltic volcanism.We interpret the results of our investigation as marking
an ancient period (mostly pre-Nectarian) of impact crater
mixing during the period of heavy bombardment (a large
































































Fig. 12. O/Si ratio (cpm/cpm) for the lunar regions. Error bars show the
standard deviation of the mean for each region. The low O/Si of all
regions except SPA during stage 3 shows that the Moon has been
influenced by volcanic activity during a later stage. In addition, the low O/
Si may indicate that the mare and highland materials were partly covered
by low-Si materials.and subsequent impact crater events of regional extent out-
side of SPA basin region such as Orientale). Unlike PKT,
which was highly modified by impact events such as Imbri-
um and mare volcanism, the ancient record of the SPA
region was not significantly subdued. Compared with the
magma generation in PKT of the nearside, the unproduc-
tive generation in the farside mantle, as pointed out by
Taylor (2009), could be explained by a lack of relatively
large impacts such as Imbrium to reactivate faults and
provide a source of heat to possibly remelt part of the lunar
interior and/or tap into magma sources from the lower
crustal/mantle boundary. Thus, this study demonstrates
that the elemental signatures of major elements of SPA,
coupled with GIS investigations to provide temporal
information, provide insight into potential chemical evolu-
tionary trends in the basin’s geology.
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